Abstract In order to investigate the role of TiO2 during plasma treatment, the degradation of the dye AO7 has been studied by gliding arc discharge in the presence of a TiO2 catalyst (CGAD). The results revealed that the adsorption of the dye on TiO2 is a physical adsorption in accordance with Langmuir isotherm, with a constant of adsorption KL = 0.52 mg/L and a maximum adsorption capacity b = 18.1 mg/g. The temperature variation of the reaction medium made it possible to consider thermodynamic parameters. Indeed, the adsorption is exothermic (enthalpy: ∆H < 0), and spontaneous (free enthalpy: ∆G < 0). The negative entropy (∆S < 0) confirms the affinity of the dye molecules for TiO2. 20 min of CGAD treatment in the presence of an optimal quantity of TiO2 (2 g/L enabled us to bleach the solution of AO7 (100 µM) completely. The discoloration rate with and without the addition of TiO2 was 100% and 28%, respectively. 40 additional minutes of treatment allowed a total abatement of the chemical oxygen demand. The elimination of AO7 molecules during the plasma-catalytic treatment follows Langmuir-Hinshelwood (L-H) model kinetics. According to this model, the speed constant is kr = 14.97 mg · L −1 · min −1 and the adsorption coefficient is KL−H= 0.010 L/mg. The latter being negligible compared to kr, adsorption is therefore weakly performed during the plasma treatment.
Introduction
During the last decade, treatment of dyeing wastewater received an increasing attention. The use of synthetic dyes in industrial processes has serious consequences on the ecosystem and humans. The majority of synthetic dyes are azo compounds suspected to be carcinogenic [1, 2] . Azo dyes are resistant to biodegradation, traditional treatment methods are ineffective such as: adsorption on activated carbon [3] , reverse osmosis [4] and coagulation [5] . These methods are rather non-destructive techniques, but decompose the dyes into other matrices that may cause secondary pollution.
Electric discharge treatments such as gliding arc discharge (GAD) were recently developed. Their advantages are obvious: clean and easy operation, fast degradation and low energy consumption [6, 7] . GAD discharge belongs to the group of non-thermal plasmas, although it is formed from an electric arc. The nature of the activated species depends on that of the gas used.
The use of humid air mainly leads to the production of very reactive ·OH hydroxyl radicals. Its high redox potential E • [(·OH/H 2 O)= 2.8 V/SHZ] makes it possible to degrade complex organic substances. It has been proved that GAD can efficiently degrade industrial azo dye textiles, phenol and bisphenol in aqueous solution [8, 9] . Moreover, MOUSSA et al. [10] showed that moist air plasma is able to decontaminate wastewater. In our previous study, we introduced GAD treatments in the presence of a TiO 2 catalyst (called catalytic gliding arc discharge CGAD) in the degradation of anthraquinonic dye AG25 [11] , of Forafac Surfactant [12] and of two industrial liquid rejections [13, 14] . However, the participation of TiO 2 as an adsorbent versus its catalytic effect has not been studied so far. Therefore, the aim of this work is: (i) to study the adsorption of AO7 molecules thermodynamically and kinetically on TiO 2 without plasma-catalysis treatment, (ii) to model the discoloration kinetics during CGAD treatment according to Langmuir-Hinshelwood (L-H)theory , and (iii) to study the relationship between adsorption and degradation by CGAD in the presence of TiO 2 so as to understand the role of TiO 2 participation as an adsorbent and catalyst.
Materials and methods

Dye
The azo dye Orange II (AO7) (Fig. 1) is also called β-naphthol Orange; sodic salt of the sulfonic benzene acid 4 (2-Hydroxy-1-naphtylazo); Acid Orange 07. It was purchased from Fluka Company without further treatment. Distilled water was used to prepare the dye solutions. The pH value is in the range of 11.0∼13.0. The bands in the visible region correspond to the hydrazone form at 483 nm and to the azo dye form at 415 nm. The balance between the two forms is the source of tautomeric interactions between the oxygen of the naphthol group and the β-hydrogen of the azo bond where the hydrogen atom is exchanged between oxygen and nitrogen (Fig. 2) . 
Photo-catalyst
The photo-catalyst used is a titanium dioxide (TiO 2 ) Degussa P25 (80% anatase and 20% rutile, 99.8% purity, average particle size of 30 nm and specific surface of 50 m 2 /g).
Gliding arc apparatus
The experimental apparatus of the glidarc plasma used has already been described in previous work [6, 15, 16] . An electric arc forms between two diverging electrodes. The latter are subjected to a convenient voltage difference with a minimum gap. The electric power is provided by a special transformer (9000 V; 100 mA without charge). The arc is pushed away from the ignition point by a feeding gas flow. It sweeps along the maximum length of the electrode gap thus forming a large plasma plume. A new arc then reappears and develops following the same procedure.
The treatment was carried out for different plasmaexposure times. The working parameters were identified as: the electrode gap e = 2 mm, the distance d = 3 cm between the electrode neck and the liquid surface, the gas flow rate Q = 800 L/h, and the nozzle diameter Φ = 1 mm which delivers a cylindrical gas flow.
The plasma plume is disposed close enough to the liquid target. It licks the liquid surface, and allows the chemical reactions to take place at the plasma-solution interface (reactions (1)∼(10)).
NO · + ·OH → HNO 2 (9)
The species in plasma depend on the nature of the plasma-producing gas. Humid air contains nitrogen, oxygen and water. An emission spectroscopy study carried out on glidarc humid air plasma [11] showed the simultaneous presence of ·OH and ·NO radicals responsible for the oxidative power of this kind of plasma [17] . Humid air plasma was characterised by the high proportion of ·OH radicals over NO· radicals when measuring their respective densities. The NO· spectrum was characterized by a double-headed band at 237 nm. The ·OH spectrum was characterized by a transition band located at 306 nm. A constant ·OH radicals density was observed along the discharge axis flow.
The diffusion process in the liquid is improved by conversion of the liquid phase to air flow and by magnetic stirring. The resulting plasma is actually quenched plasma at atmospheric pressure and quasiambient temperature.
Procedures
Adsorption in dark
AO7 adsorption experiments were performed via the batch method. For each experiment, 2 g of TiO 2 sorbents was mixed, under stirring, with 250 mL of AO7 solution at the desired concentration in distilled water. At equilibrium, (after equilibration,) the solution was separated from TiO 2 suspension by centrifugation at 1000 rpm (centrifugal machine Jouan B3.10). A sample of 1 mL of the supernatant was then taken for UVvis spectrophotometry analysis. The amount of AO7 adsorbed was determined from the difference between the initial and the final concentrations. Such concentrations were measured using an UV-vis double beam spectrophotometer (Optizen 2021) at a 483 nm wavelength.
Catalytic gliding arc discharge treatment (CGAD)
An aqueous suspension of TiO 2 was prepared by adding a given quantity of catalyst to the dye solution (250 mL) to obtain the respective catalyst concentra-
Before exposing the mixture to the plasma-producing treatment, it was agitated during 30 min in the darkness in order to achieve the equilibrium adsorption.
Samples were taken at an interval of 5 min to 180 min and were centrifuged to get rid of TiO 2 particles. The degradation was determined from the chemical oxygen demand (COD). The COD measurements were performed by titration according to the NF T 90∼102 [18] . COD and color removal ratios were calculated as follows (11, 12) : (11) where COD 0 and COD i refer to the COD values before and after treatment, respectively, and (12) where ABS is the absorbance value at the absorbance peak in the visible wavelength range; ABS 0 and ABS i are the ABS values before and after treatment, respectively. The analysis of sulfate ions was carried out using calorimetrical methods according to the NF T 90-040 [18] . The final pH was systematically measured after each treatment (pH-meter Radiometer 200). All chemicals were of analytical grade and used without further purification.
Results and discussion
Effect of pH on discoloration
Plasma generates acidifying entities and some dyes are bleached under the acidity conditions. Thus, it is important to know the effect of acidity on AO7 discoloration. After 210 min of plasma treatment, the initial pH fell from 5.10 to 1.5. On one hand, this reduction was due to nitric and nitrous acid formation (reactions (6)∼(9). On the other hand, it was due to intermediate organic acids (RCOOH) formation during the AO7 molecule degradation.
A pilot experiment was carried out without a plasmaproducing treatment to determine the contribution of acidity in the degradation of the dye. The absorbance of AO7 (483 nm) is measured at different pHs, using concentrated hydrochloric acid. Fig. 3 shows the effect of pH on discoloration. The absorbance remains practically unchanged between 2.4 and 2.3, which means that the acidity impact on orange II elimination is not significant. This means that each reduction in the 430 nm absorbance band, during the plasma-producing treatment, is due to AO7 disappearance.
Study of adsorption in dark (without a plasma-producing treatment)
Adsorption is a major stage of heterogeneous catalysis. TiO 2 was used, in grain form, and in total darkness so as to avoid its excitation by UV solar radiations. The pH was adjusted to 1,0 to get close to plasma conditions, and the experiments were carried out at 20
• C.
Determination of equilibrium time adsorption
Equilibrium time adsorption was determined in this study. It was deduced from Fig. 4 . It represents the relationship between the discoloration rate variation and the contact time with a fixed amount of TiO 2 (2 g/L). This concentration was optimized for costs. Indeed, it is noted that the discoloration rate of the dye increased proportionally to the addition of TiO 2 without reaching a saturation stage. The equilibrium adsorption between dye molecules and TiO 2 was reached after 30 min, when the discoloration rate remains practically the same (≈14%). This saturation could be explained by the fact that the fixation of dye molecules on TiO 2 takes place according to the available number of sites on the adsorbent surface. Once these sites were filled, a deceleration rate is observed until equilibrium.
Adsorption isotherm
AO7 adsorption on TiO 2 was studied using a Langmuir (13) simple model. This model is based on the following hypothesis: (i) the adsorbed species are located on a well defined site of the adsorbent (localised adsorption), (ii) each site is likely to fix only one adsorbed species and (iii) the adsorption energy of all the sites is identical and independent of the presence of species adsorbed on close sites (homogeneous surface and no interactions between adsorbed species) [19] .
C e is substrate concentration at equilibrium (mg/L).
x m adsorbed substrate quantity per solid mass unit (mg/g),
The obtained equation is a linear correlation with a
, as shown in The results show that the adsorption follows the Langmuir model with a linear adjustment close to unit (R 2 = 0.98). The maximum adsorption capacity (b) is equal to 18.1 mg/g and the adsorption constant K L is equal to 0.52 mg/L. Thus the adsorption seems to be of monomolecular type. Indeed, the solid being saturated during the monolayer filling, weak interactions are expected on the TiO 2 surface because the number of adsorbed layers cannot grow freely [20] . Ioannis KONSTANTINOU et al. [21] reported that all isotherms showed L-shape curves according to the classification of GILES et al [22] . It means that there is no strong competition between the water and the dye molecules to occupy the TiO 2 surface sites. The adsorption isotherms fit well with the Langmuirian type, implying a monolayer adsorption model.
It is noteworthy that the Freundlich isotherm was also tested. However, the model was not suitable for the study of this phenomenon. Indeed, BAUER et al. [23] studied the AO7 adsorption on the TiO 2 surface using an infrared Fourier transform (IRFT). The results clearly showed that they obey the Langmuir model.
Calculation of the thermodynamic parameters
The experiments were carried out at various temperatures (40 • C, 60
• C and 80
• C) to determine the thermodynamic parameters of adsorption: free enthalpy ∆G
• (15) , enthalpy ∆H • and entropy ∆S • .
where R is the universal gas constant (8.31
, T is the temperature (K) and K d (L/g) was calculated using Eq. (16):
The distribution coefficient k d is defined as the ratio of fixed quantities in grams of solid over the residual solute in solution. It characterizes the solution affinity for the adsorption.
The thermodynamic parameters could be expressed as Eq. (17):
It is possible to draw ∆G • versus temperature from Eqs. (15) and (17) . The straight line ∆G • = f (T ) allows us to calculate ∆S
• and ∆H • from the ordinate and the slope, as shown in Fig. 6 . The negative value of the enthalpy (∆H = −7.2 kJ/mol <50 kJ/mol between 20
• C and 80 • C confirms the exothermic character of the adsorption. It is the logical consequence of a physical adsorption which takes place through electrostatic interactions. The negative entropy (∆S = −11.9 J · K −1 · mol −1 ) suggests the reduction of adsorbate concentration in the interface liquid-solid, and its increase in the solid phase. The negativity of free enthalpies proves that the phenomenon of adsorption is spontaneous [24] .
Adsorption kinetics
The knowledge of adsorption kinetics is of considerable practical interest for the implementation of an optimal adsorbent. Generally, the dynamic process of adsorption, in gas and liquid phases, could be divided into three stages: (i) external mass transfer, (ii) internal mass transfer and (iii) adsorption itself. The kinetic model of the pseudo-second order could be expressed by the following equation [25] :
Integration and linearization of Eq. (18) lead to:
, t contact time (min), q e adsorption capacity at equilibrium (mg/g), q t adsorbed quantity (mg/g) per adsorbate mass unit at time t.
The drawing of the curve showing the variation of t q t = f (t) gives a straight line with a slope equal to 1 q t and an ordinate origin equal to 1 k × q 2 e (Fig. 7) .
Fig.7 Adsorption kinetics
The adsorption of the dye on TiO 2 follows kinetics of order 2. CHEN et al. [26] found that the adsorption of the 1,2 -dichloroethane on TiO 2 was carried out between the solute and the non porous grains of TiO 2 following external transfer kinetics. It is noteworthy to mention that the kinetic model of Lagergren [27] is not suitable for this type of adsorption (AO7-TiO 2 ). In this model, calculations gave a weak linear adjustment of the equation with a regression coefficient of about 0.66.
Gliding arc discharge treatments
Gliding arc discharge without TiO 2
(GAD) Fig. 8(a) and (b) show the absorption UV-vis spectra of the AO7 solution (100 µM) and the rate of discoloration, respectively. During treatment, UV-vis spectra show a low discoloration of dye solution. Indeed, after 210 min of GAD treatment, the rate of discoloration reached only 80%. The same result was found by ABDELMALEK et al [28] . GAD treatment caused a decrease of absorbance in the visible spectrum, new absorbance between 200 nm and 280 nm appears in the meantime, suggesting that new species with simplified structures form. It can be attributed to multisubstituted benzene rings. Indeed, the spectrum of untreated AO7 presents two significant bands located at 228 nm and 310 nm characterizing the π → π* transitions of the dye's benzene and naphthalene rings. The addition of a photo-catalyst such as TiO 2 Degussa P25 is beneficial for GAD treatment of the organic substrates. However, the catalytic activity depends on the quantity added to the plasma-producing reactor. This quantity needs optimization so as to avoid the screen effect, a reducing phenomenon for the catalytic activity. It is due to the excess of catalyst quantity [29] . In this study, the optimized concentration of TiO 2 is 2 g/L.
Study of discoloration
The UV-vis spectrum of the AO7 is characterized by a very important band in the visible. Maximum absorbance is at 483 nm with a shoulder at 415 nm, due respectively to hydrazones and azo functions. The UV bands localized at 315 nm and 261 nm are due to benzene cycles substituted by SO − 3 groups. Fig. 9(a) shows the UV-vis spectra of azo dye AO7 after treatment. The CGAD treatment caused a reduction of the absorbance in the visible and UV part of the spectrum. For all the AO7 concentrations, a reduction in the initial concentration of about 14% is recorded during the stage of adsorption (before exposure to the discharge), followed by a strong reduction caused by the plasma-producing treatment. Total discoloration was achieved after 10 min treatment for dye concentrations of 20 µM and 40 µM; 20 min were needed for 60 µM whilst 30 min were required for 80 µM and 100 µM.
In addition, it was noted that the CGAD treatment efficiency decreases for heavily concentrated dye solutions. This is due to several hypothetical reasons: (i) the insufficiency of ·OH GAD generated compared to the increasing number of dye molecules; (ii) the ·OH produced on the surface of TiO 2 are reduced because the dye molecules had already occupied the active sites of TiO 2 ; (iii) the high concentration of the solution to treat prevents a major part of UV from penetrating the particles of TiO 2 'screen'. This phenomenon will contribute to the decrease of ·OH concentration. To describe the disappearance kinetics of the dye with time, it would be practical to use the LangmuirHinshelwood (L-H) model, which has been largely used in the photocatalysis field [30∼34] . It stipulates that the reaction speed is proportional to the covering surface.
, which is the initial discoloration speed, could be written in the following form Eq. (20): 
AO7 aqueous solutions with various concentrations (20 µM, 40 µM, 60 µM, 80 µM and 100 µM), are treated in the presence of TiO 2 P-25 (2 g/L) as shown in Fig. 9(b) . For each concentration, the reverse of the initial calculated speed (1/r 0 ) is plotted versus (traced according to) the reverse of the residual concentration (1/C e ) at equilibrium. Fig. 10 shows that the variation of r
is linear (R 2 = 0.9961). Using the gradient and the ordinate origin of the equation, L-H model constants are calculated as K r = 14.97 mg · L −1 · min −1 and K L−H = 0.009 L/mg. During the plasma-producing treatment the adsorption constant K L−H tends to zero. This proves that the dye molecules are weekly adsorbed during the glow discharge. This could be explained by the desorption of the dye breakdown products. A comparison between these results and those found by BIZANI et al. [35] during the photocatalytic degradation of two azo dyes in the presence of Degussa P25, shows the same order of magnitude of these parameters (dye 1: k r = 15.1 mg·L Generally, it has been observed that the expression for the photodegradation rate of organic substrates such as dyes with irradiated TiO 2 follows the LangmuirHinshelwood (L-H) law for the following four possible situations [21] : (a) the reaction takes place between two adsorbed substances, (b) the reaction occurs between a radical in solution and an adsorbed substrate molecule, (c) the reaction takes place between a radical linked to the surface and a substrate molecule in solution, and (d) the reaction occurs between two species in solution.
In general, the expression for the rate equation is similar to that derived from the L-H model. The latter has been useful in modelling the process, though it is not possible to find out whether the process takes place on the surface of the solution or at the interface [35] . Ioannis KONSTANTINOU et al. [21] noted that adsorption of the dye is an important parameter in determining photocatalytic degradation rates.
Previous studies [36∼38] showed that organics with strong adsorption on the surface are more likely degraded in the photocatalytic process (in our case the CGAD treatment). The amount of photoactive sites on the TiO 2 surface has decreased due to the adsorption of the organic compound and its degradation products in concentrated solutions. Therefore, the degradation rate has decreased [39] . The oxidative pathway, which could be performed by direct hole attack or mediated by ·OH radicals, is in the free or adsorbed form. The oxidative pathway leads, in many cases, to the complete mineralization of an organic substrate to CO 2 and H 2 O.
TiO 2 -P25 is found to be efficient, its high photoreactivity is due to the slow recombination of the electronhole pair and the large surface area. The photocatalytic activity of semiconductors is also dependent on the crystallinity, particle size and concentration of the impurities in the catalysts.
Mineralization study
The chemical demand for oxygen is related to the concentration of organic compounds present in the solution. It reflects the degree of mineralization of a substance prone to oxidation. In the case of a total mineralization of the AO7, we obtain the following reaction.
Based on reaction (22) and Eq. (20), it is possible to calculate the theoretical COD:
α is stoichiometric coefficient of O 2 , C dye molar concentration. The theoretical COD value is 67.2 mg O 2 . L −1 for the AO7 (100 µM). The experimental value for the same concentration is 67 mg O 2 . L −1 . This result is acceptable, since AFNOR standards NF T 90-102 [19] allow an error of ±4% compared to the theoretical COD.
The appearance of sulfate ions, during the plasmaproducing treatment, is a consequence of mineralization as shown in reaction (22) . Fig. 11 shows simultaneous variations of the COD and the sulfates versus the CGAD processing time. Exposing AO7 samples to CGAD treatment reduced the COD from 67 mg to 0 mg O 2 . L −1 . It corresponds to a total degradation. The final concentration of sulfate ions should equal 9.8 mg/L at the end of the treatment. According to reaction (22) stoichiometry, the value found was 8.1 mg/ L. It corresponds to 82.6% of the expected value. The COD decreasing and the sulfate ions appearance are at the same rate at the equivalent time (t eq ) of 10 min of plasma-producing treatment. It is the time required to reduce the COD to 50% and to reach 50% of the sulfate value expected. This corresponds to the time of half reaction (t 1/2 ). The profile of the COD variation with time follows an exponential pattern. It confirms that the degradation reaction proceeds according to a pseudo first order reaction. This type of kinetics coincides with that of discoloration: with initial concentrations of about the micromole, the L-H model converges towards the following kinetic logarithmic Eq. (24) [21] .
where k app = k r K. Eq. (24) could be rewritten in the following form:
The modeling of the results according to the exponential model of Eq. (24) gives a degradation speed constant (K deg ) equal to 0.07 min −1 with a determination coefficient close to a unit. The evolution of the kinetics of COD and that of the appearance of the sulfate involved the use of the kinetic model expressed by Eq. (26) . Indeed, this equation is exponential, and it shows the time evolution of the SO 2− 4 concentration.
It is clear that the appearance of sulfate ions is faster than degradation, if one refers to the speed constants (k deg = 0.07 min −1 < k sul = 0.13 min −1 ). The COD removal is the direct consequence of a mineralization of the dye solution. Consequently the presence of sulfate ions confirms the AO7 degradation. Indeed, dyes containing sulfur atoms in the form of sulfonates could be mineralized into sulfate ions through the attack of hydroxyl radicals. The attack of SO − 3 by ·OH is of help if the molecule, by its orientation on the TiO 2 surface, is adsorbed via this group, as illustrated in Fig. 12 [40] . Fig.11 Evolution of the standardized concentrations of the COD ( ) and sulfates ( ) Fig.12 AO7 adsorption geometry by sulfonate groups on the TiO2 surface [40] According to many papers [21, 29, 11] , sulfate formation could be lower than that predicted by the mineralization reaction stoichiometry. The variation could be due to the ions adsorption on the catalyst surface, helped by the medium acidity (pH = 1.52). After this adsorption the major part of the dye molecules would probably be degraded on the TiO 2 surface following the mechanism mentioned below [16, 21] : (i) a reduction leads to the break of the bond -N = N-; (ii) formation of two intermediates of the primary amine type, one of which remains adsorbed on the TiO 2 surface and immediately undergoes the other stages of decomposition whereas the other intermediary is released into the solution.
Conclusion
The adsorption of azo dye AO7 on TiO 2 P-25 was highlighted. The isotherm of Langmuir explains this physical phenomenon well. This study showed that the process is spontaneous and exothermic. Kinetically, the reaction is of the pseudo-second order. The adsorption of AO7 molecules on the TiO 2 surface is not substantial. However, it is regarded as a prevalent stage in CGAD degradation. This is in agreement with the Langmuir-Hinshelwood theory. Once the equilibrium is reached, AO7 molecules remain fixed on the sites, and thus the chain reaction is decelerated. The plasma treatment process could free these sites. Consequently, by-products are easily desorbed. This work is in agreement with the deductions of authors emphasising the relationship between adsorption and degradation in the field of titanium dioxide photo-catalysis.
